Nucleotide sequences encoding signal peptides from the precursors of 2-amylase/trypsin inhibitors from cereals are homologous to those corresponding to the precursors of thaumatin II and of plastocyanins. Non-synonymous (K A ) and synonymous {K % ) rates of nucleotide substitutions have been calculated for all possible binary combinations. Extreme variation in A' A^S ratios has been observed; from the 0.167 average found within the plastocyanin family to an average of 1.90 calculated for the inhibitors/thaumatin II transition. A similar calculation has been carried out for the signal peptide sequences of thionins. which are unrelated to those of the a-amylase trypsin inhibitor family. and an average /í A //w s of 0.12 has been obtained. This variation can be largely explained in terms of an empirical index of stability related to amino acid composition and seems to be independent of functional constraints.
INTRODUCTION
It has been repeatedly observed that the rates of synonymous nucleotide substitutions (As), which do not lead to amino acid changes, are greater than those of non-synonymous substitutions (A.\) which do cause such changes, and that both rates are greater in pseudogenes (see [1, 2] ). These differences in substitution rates have been ascribed to selective constraints related to structure-function relationships. Thus, functionally constrained proteins or parts of proteins would evolve at a slower rate than less constrained ones, and residues at functionally important positions should be less variable than those at other positions (see [3] ). A number of cases have been reponed in which the spatial distribution and the rate of amino acid substitution do not seem to follow these rules [4] [5] [6] [7] [8] . Positive Darwinian selection has been involved to explain the accelerated changes taking place at functionally relevant sites in these cases, all of which involve families of proteinase inhibitors. However, an alternative explanation has been proposed that is consistent with the neutral theory of evolution [3] . The alternative explanation is in agreement with the contention that the mutability of an amino acid is determined not so much by its position, but by the consequences of its being replaced on the overall chemical and spatial structure of the protein [9] .
In the course of our study of two plant protein families, the a-amylase/trypsin inhibitors and the thionins (for reviews, see [10, 11] ), we have observed extreme variation in the rates of change of their signal peptides. These peptides, which determine the cotranslational translocation of the corresponding mature proteins across the endoplasmic reticulum membrane, have some common features, such as an N-terminal methionine, charged amino acids near the N-terminal, and a membrane-spanning hydrophobic sequence, but are otherwise highly variable among different genes and can be considered of polyphyletic origin [12] . However, different genes may code for homologous signal peptides that co-evolve with their neighbouring mature proteins. We report here an analysis of substitution rates in the signal peptide sequences of the two protein families which indicates that the observed variation can be explained to a great extent by compositional effects consistent with the neutral theory of evolution.
MATERIALS AND METHODS
Nucleotide sequences encoding signal peptides of the precursors of a-amylase/trypsin inhibitors vvere determined by direcl sequencing of the cloned cDNAs. Sequences, cloning and screening procedures corresponding to cDNAs not previously reponed will be published elsewherc. Appropriate references for those already reponed are given in the legend of Fig. 1 .
A computer program kindly donated by W.H. Li (Houston, Texas) was used to estimate the rates of synonymous and non-synonymous nucleotide substitution [13] . The Microgenie Program (Beckman) was used to search for homologous sequences encoding signal peptides. Statistical significance of differences between average A"\/A's ratios was calculated using the non-parametric Mann-Whitney test. The Ín-dex of mutability derived by Graur [9] for the 7 relevant amino acids was calculated using the formula h = 0. 
RESULTS
The a-amylase/trypsin inhibitor family in wheat and barley includes monomeric, dimeric, and tetrameric inhibitors of heterologous a-amylases, as well as trypsin inhibitors, and is encoded by genes dispersed over several chromosomes [10] . These inhibitors are synthesized by membrane-bound polysomes as precursors in which the mature proteins are preceded by typical signal peptides, as shown by a study of their synthesis in vivo and in vitro [14] and by cloning and sequencing several cDNAs [15] [16] [17] [18] [19] [20] . Homology was found between the signal peptides of the inhibitors and those of two other plant protein classes, thaumatin 11 [17, 21] and plastocyanins [22] [23] [24] [25] using the Microgenie Computer Programs, Beckman (Fig. 1A) . In Fig. IB , the signal peptides of ten members of the a-amylase/trypsin inhibitor family have been aligned with those corresponding to thaumatin II [21] and to four plastocyanin clones [22] [23] [24] [25] . Based on this alignment, both synonymous and non-synonymous nucleotide substitution rates have been estimated for all possible binary combinations, using the computer programme of Li [13] . The KA and Ks valúes obtained within the inhibitor family and between members of this family and thaumatin II are represented in Fig. 1C . The K.\/K$ ratio for each group was calculated as the slope of a least-squares-adjusted line intersecting the origin. This ratio was quite high for the signal peptide within the inhibitor family and significantly higher in the transition from the inhibitors to thaumatin II. Valúes obtained within the trypsin inhibitor and a-amylase inhibitor subfamilies can be compared with those obtained in binary combinations involving one member of each subfamily in Fig. ID . Similarly, in Fig. 1E , valúes obtained within the plastocyanin family are represented together with those corresponding to plastocyanin/inhibitor and plastocynin/thaumatin II combinations. The signal peptide of the inhibitor is evolving faster than the adjacent mature protein sequence, i.e. lower A: s (Fig. 1F ) and higher K A (Fig. 1G) .
In contrast with the above observations, the thionin signal peptide ( Fig. 2A ) is evolving at a slow rate (Fig.  2B) , which is even slower than that of the adjacent mature protein, with lower K s (Fig. 2C ) and still lower AA (Fig. 2D) .
DISCUSSION
The data presented here indícate that amino acid sequences with a common functional constraint in their evolution, i.e. their function as signal peptides, show extreme variation in their K A /K¡, ratios. Graur [9] suggested that the propensity of an amino acid to remain conserved in the course of evolution depends not so much on its being in functional sites, but on an intrinsic In three situations, the non-synonymous rate (K.\) significantly exceeds the synonymous one (Ks)'-the inhibitor/thaumatin II transition (Fig. 1C) , the trypsin inhibitor/a-amylase inhibitor transition (Fig. ID) , and the plastocyanin/thaumatin II transition (Fig. 1E) . In the first and third cases, the transition implies a change in the mature protein partner served by the signal peptide, while in the second case, a change of activity of the mature protein has oceurred. A similar situation has been described by Hill and Hastie [4] in a comparison of the putative reactive center and the neighbouring sequences of a given serpin in rat, mouse, and man. Positive Darwinian selection was invoked by these authors to explain observed high rates of evolution, but Graur and Fi [3] subsequently interpreted the same data in terms of compositional effeets. In the present case, the data suggest a significant acceleration in the transitions.
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